The systems with magnetoelectric coupling, where the magnetic properties are controlled via the external electric field, have been intensively explored within the last decade, because of their potential for information storage and processing. There is a focus on multilayer structures incorporating ultra-thin magnetic channels and dielectric layers, which is the most suitable architecture for the field effect control of ferromagnetism. Such structures have been achieved first using diluted magnetic semiconductors like (Ga,Mn)As and (In,Mn)As, where the ferromagnetism is mediated by strongly spin-orbit coupled holes.
1,2 Replacing the conventional dielectric in such heterostructures with ferroelectric material results in a multiferroic system that offers additional functionalities of non-volatile switching and non-destructive writing of ferroelectric domains. 3, 4 However, the low Curie temperature (T C ) of ferromagnetic phase transition in diluted magnetic semiconductors remains a major obstacle for practical use of these results.
Recently, significant electric-field-driven modulation of T C and coercivity has been demonstrated at room temperature in heterostructures with ultra-thin layers of conventional ferromagnetic metals. [5] [6] [7] [8] [9] In such layers, a delicate balance between different contributions to the magnetic anisotropy energy (MAE) results in their high sensitivity to the changes of electronic structure at the interface. 10 Thus, a weak change of charge density induced by the electric field at the extremely narrow interface-adjacent layer is sufficient for a substantial change of coercivity, [5] [6] [7] T C , 8, 9 and magnetic domain kinetics. 11, 12 In context of these findings, the ferroelectric/ferromagnetic heterostructures become of interest for electronic elements operational within the conventional temperature range. First principles calculations performed for multilayers combining ultra-thin Co layers and P(VDF-TrFE) (polyvinylidene fluoride-trifluoroethylene) ferroelectric copolymer confirm an appreciable multiferroic coupling. 13 These results agree with the report of significant magnetic anisotropy change that has been experimentally detected in this system using magneto-optical Kerr effect (MOKE) analysis. 14 One of the most interesting features offered by the structures combining ferroelectricity and ferromagnetism is a possibility to influence the magnetic properties locally by electrical writing of stable ferroelectric domains. 15, 16 Here, we address this topic focusing on the structures with fieldeffect-mediated local control of magnetic domain nucleation and growth in ultra-thin Co layer at room temperature.
The multiferroic heterostructure used for this study is schematically represented in Fig. 1(a) . The multilayer consisting of Pt (3 nm)/Co (0.6 nm)/Al (wedge$1.5 nm) stack was deposited by sputtering on Si substrate. 10 Following the deposition, the top Al layer was treated by oxygen plasma in order to reach a partially oxidized AlO x layer. The gradually changing Al thickness along the wedge with the rate of 1 Å /cm leads to the continuous variation of the Co/AlO x interface oxidation degree. The magnetic properties of the Co layer are known to be very sensitive to the Co/AlOx interface oxidation state in this system. In particular, the MAE varies along the wedge as the oxidation degree changes. 10, 17 For optimum oxidation, the MAE shows a maximum and the easy magnetization axis is out of plane. For this experiment, we have selected a region of the wedge near this optimum oxidation state.
The ferroelectric gate was formed by deposition of 200 nm P(VDF-TrFE) co-polymer layer with molar ratio 77/23 via spin-coating using 2.5% methyl ethyl ketone solution. Due to the very low crystallization temperature of 130-135 C, this ferroelectric material offers perfect processing compatibility with the magnetic channel. In order to monitor the magnetic domain behavior using optical methods, 100 nm indium tin oxide (ITO) transparent electrodes were deposited by sputtering. A 3 nm buffer Al 2 O 3 layer was grown on top of P(VDF-TrFE) by Atomic Layer Deposition prior to ITO deposition in order to avoid degradation of ferroelectricity due to the sputtering process. The 100 nm thick gate electrodes prepared using shadow mask had a rectangular shape with size of 550 Â 2000 lm. The ferroelectric gate showed polarization hysteresis loops typical for this material accumulation of electrons in the magnetic Co layer, while the negative voltage induces the depletion effect. The time intervals between poling the ferroelectric gate and magnetic measurements varied between 5 min and 1 week. The magnetic properties of the Co layer were found to be virtually independent of the elapsed time.
The nucleation and growth of magnetic domains in the Co layer were visualized and quantified using MOKE microscopy in the polar geometry, with the magnetic field being applied out of plane. The transparency of the ITO/P(VDF-TrFE)/Al 2 O 3 gate allows us to visualize magnetic domains below the electrode. All experiments described in this letter were performed at room temperature. The coupling between the ferroelectric polarization and magnetic domain behavior is readily observed in the area with low MAE where the nucleation density is high (Figs. 2(a) and  2(b) ). Poling the gate by applying to the electrode negative (positive) voltage pulse of 30 V/1 s promotes (impedes) the magnetic domain nucleation. This effect is clearly seen in Figs. 2(a) and 2(b) where the MOKE image covers both gated (poled) and non-gated (non-poled) areas. The parts where magnetization is switched (non-switched) appear light grey (dark grey) in the images. Note that due to the thickness gradient, the color of central part of ITO electrodes appears darker than the peripheral areas in Fig. 2 . This gradual change of brightness is also seen in the conventional optical microscopy image (inset of Fig. 2(a) ) and has to be ignored because it does not correspond to any magnetic domain pattern. The vertical variation of the nucleation density is due to the anisotropy variation along the sample induced by the Al wedge. Before taking images shown in Fig. 2 , the magnetic state of the sample has been fully saturated by applying a strong out of plane magnetic field. The images taken after applying the opposite magnetic field pulse of 24 mT/50 ms represent partially switched states and clearly show the contrast between the magnetic domains in the gated and non-gated areas. We observe a difference in both the nucleated domains' size and density. The dynamics at the origin of the magnetic domains in Fig. 2 can be visualized in the Movies 1 and 2 in supplementary material, 18 where images are taken versus time at constant magnetic field.
Reversing the polarization in the ferroelectric gate, we could repeatedly change the magnetic domain nucleation density under the electrode. For each studied electrode, the polarization has been reversed 4-5 times provoking the reproducible effect of increasing or reducing the magnetic domain nucleation density.
In order to quantify the ferroelectric field effect on the magnetic switching, we have carried out a comparative analysis of the nucleation density for the magnetic domains in the poled and non-poled areas. These data were processed using the formalism of N eel-Brown model, which has been previously used for analyzing the thermally-activated nucleation in similar samples with conventional (non-ferroelectric) gate. 10 According to the model, the nucleation probability reads as
where the nucleation rate is
and s 0 ¼ 10 -10 s is the attempt rate, E N is the energy barrier, and T ¼ 300 K is the temperature. The nucleation density at fixed time (t ¼ 1 s) can be obtained for varying nucleation energy E N through Monte-Carlo simulation. These simulation data have been matched to the experimental Kerr images in order to obtain an estimation of E N .
Comparing the E N obtained as described above from poled and non-poled areas (Fig. 2(b) ), we conclude that ferroelectric field effect changes E N by 3-5 k B T ($0.1 eV), as shown in the inset of Fig. 2(b) . This is of the same order as the E N change of 0.07 eV in Ref. 10 obtained for the electric field of 0.3 V/nm. In addition, if we assume a nucleation volume of (10 nm) 3 , the MAE change is of the order of 10 4 J/m 3 , which is consistent with the anisotropy changes obtained in the same material for the electric field of 0.1 V/nm.
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A close examination of the depletion image in Figs. 2(a) and 2(b) reveals some enhancement of switching occurring at the electrode boundaries. The exact origin of this "outlining effect" could not be identified at the present stage, however, most probably, it is linked to the electrode processing. Specifically, a possible explanation may be related to the polarization imprint occurring near the electrode boundaries.
The observed non-volatile change of the domain nucleation energy implies a change of the magnetic field required to trigger the nucleation process. To further explore this effect, we performed a series of MOKE measurements at different magnetic fields. Comparing these MOKE images, we attempted to find a pair of images, including one image from the poled and the other one from the non-poled area, where the nucleation densities are the same. This comparative analysis indicates that the nucleation density reached at 24.8 mT/50 ms in the accumulation state is the same as in the non-poled area at 23.0 mT/50 ms (Fig. 2(c) ). The other pair of images in Fig. 2(c) shows that the same nucleation density is reached for the non-poled area and the area poled in the depletion state at 24.8 mT/50 ms and 22.4 mT/50 ms, respectively. Thus, the effect of poling the ferroelectric gate in the accumulation/depletion state is equivalent to the nucleation energy change induced by a magnetic field variation of approximately þ/À2 mT.
The experiments described above clearly show the ferroelectric control of the magnetic domain nucleation due to the sensitivity of MAE to the electric field. The other implication of the field-effect-tuned MAE is a possibility to change the domain wall (DW) velocity. [10] [11] [12] In order to directly observe the impact of the ferroelectric gate polarization on the DW propagation, we study a different area in a thinner part of the Al wedge resulting in a more oxidized Co/AlOx interface and greater MAE. Due to the relatively high MAE, the switching is triggered in a very limited number of reversed domains and develops further through the expansion of these domains (as shown in Movies 3 and 4 in the supplementary material 18 ). In this switching mode, the effect of the ferroelectric gate on the domain wall speed has been quantified by detecting the domain wall position vs. time under a constant magnetic field of 12 mT (13 mT) for the accumulation (depletion) state. The results of this experiment are summarized in Fig. 3 (the details of DW propagation measurement are presented in the supplementary material 18 ). In agreement with the results obtained in the previous experiments for similar velocities, 10 DW velocity decreased by a factor 1.6 (increased by a factor 2.1) in the accumulation (depletion) states compared to the non-poled state. Comparison of the DW velocity change induced in the identically grown magnetic layers by the ferroelectric gate and the conventional (non-ferroelectric) gate studied in Ref.
10 enables us to estimate the magnitude of the net charge associated with the spontaneous polarization. For instance, the DW velocity decrease by factor 1.6 shown in Fig. 3(a) can be compared to a similar effect achieved by applying 2 V to the Al 2 O 3 (7 nm)/HfO 2 (37 nm) gate. 10 In case of this non-ferroelectric gate, the charge density induced at the interface between the HfO 2 layer and magnetic channel is about 0.7 lC/cm 2 . Hence, for the ferroelectric P(VDF-TrFE) gate, the charge density is likely to be the same. On the other hand, polarization hysteresis measurements (Fig. 1(b) ) show that the spontaneous polarization of the ferroelectric gate is close to 6 lC/cm 2 , i.e., almost an order of magnitude higher. This discrepancy is explained by strong screening of the spontaneous polarization charge in the layer adjacent to the ferroelectric film interface. The fundamental origin of this effect is linked to the existence of so-called "dead layer 19 " at the ferroelectric film interface. The degradation of ferroelectricity in this layer results in a very high electric field occurring when the film is poled. The charge injection induced by this field causes the spontaneous polarization screening and reduces the gate effect to the values significantly weaker than the estimation based on the measured spontaneous polarization. For P(VDF-TrFE) ferroelectric gates integrated with a wide range of materials, including wide-gap semiconductor heterostructures 20 and heavily doped magnetic semiconductors, 21 similar effect of polarization screening has been observed. These results suggest that by improving the structural quality and dielectric strength of the interface-adjacent layers of ferroelectric films, the non-volatile gate effect can be significantly enhanced.
In conclusion, a purely electrical non-volatile control of the magnetic domain nucleation and movement has been demonstrated at room temperature for an ultra-thin layer of cobalt. The ferroelectric domains projected onto the magnetic channel change locally the magnetic anisotropy energy, resulting in significantly altered magnetic domain dynamics. This offers a potentially attractive tool for defining magnetic racetracks, nucleation spots, and pinning sites for the magnetic domains.
